INTRODUCTION
The dominant semiarid climate in the Mediterranean and central regions of the Iberian Peninsula together with the presence of extensive endorheic areas has favored the development of a large number of small saline lakes. In Iberia, 4 closed-drainage areas contain most of these ephemeral and shallow lakes: the central Ebro Basin, northern Castille, La Mancha, and the Guadalquivir basin (1, 2) . One of these lakes, Salada Chiprana, located in the central Ebro Basin, is the only permanent (4.2-5.6 m deep) hypersaline lake in Iberia, containing a highly diverse flora and fauna including a number of rare and endangered species (3) (4) (5) (6) (7) (8) . The lake's watershed has been altered by agricultural use over the last 150 years and irrigation returns form a significant component of the lake's hydrological balance. Given the lake's uniqueness in Iberia it is essential to better understand its evolution in the recent historic period by attempting to disentangle the role of climate from human and other environmental impacts. In this paper, we investigate sediment cores from Salada Chiprana lake using sedimentological, pollen, charcoal, geochemical and radiometric-dating techniques. We also correlate the limnological evolution of the lake to changes in agricultural practices and climate over the last centuries.
THE SALADA CHIPRANA

Geographic Location and Climate
The Ebro Basin is a large depression surrounded by the Pyrenees to the north, the Iberian Range to the southeast, and the Catalan Ranges to the east. It is mostly filled with Tertiary continental deposits (9, 10) . The Salada Chiprana (41°14'30''N , 0°10'50''W, 150 m a.s.l.) lies on the Upper Oligocene-Miocene Caspe Formation ( Fig. 1) , composed of elongated sandstones (infilling of meandering palaeocanals) embedded in fine-grained siltstones deposited in a fluvial floodplain environment (10) . The different erodibility of these rock formations has resulted in a 'negative' relief with small topographically-low areas surrounded by palaeocanals. Climate is Mediterranean with a strong continental influence, and is characterized by very hot summers, cold, dry winters, and low rainfall (300-350 mm yr -1 ) (11, 12) . Average monthly temperature ranges from 5.3°C (January) to 27.7°C (August). The high insolation and evapotranspiration (1000-1500 mm yr -1 ) , and the prevalence of strong dry NW winds also conTo adequately manage the fragile and changing environments of semiarid regions it is essential to disentangle human from climate or other environmental impacts over longer timescales than human memory. We investigated sediment cores from Salada Chiprana, a saline lake in the central Ebro basin in Spain, using pollen, charcoal, sedimentological, geochemical and radiometric dating techniques. The sequence indicates a rapid evolution from an ephemeral playa lake during the Late Holocene to a permanent saline lake a few centuries ago. The limnological evolution correlates with changes in agricultural practices and provides evidence of the strong impact of irrigation on the lake's hydrological balance from the XV th century. The work demonstrates that the Salada Chiprana, the only permanent, relatively deep, hypersaline lake in Spain has been created by a long history of human interaction with the landscape. tribute to a water deficit throughout the year, especially during the summer. Rainfall is irregularly distributed, although spring and autumn precipitation accounts for more than 70% of the total annual rainfall.
Limnology
The Salada Chiprana (surface area = 13.25 ha) belongs to a group of wetlands and lakes hydrologically connected that includes: Las Roces, Clota de El Farol to the SW, Campo de Saladas, and Plana de San Marcos (Fig. 2) (8) . Average water depth is 3.2 m, and the volume about 700␣ 000 hm 3 (7, 8, 13) . Brine salinity and composition do not vary greatly during the year, and chemical and thermal water stratification have been documented (4, 7) .
The most conspicuous feature of Salada Chiprana is the presence of very distinct lacustrine sub-environments defined by depth, physical and chemical water properties, and biological assemblages (4, 7): i) littoral areas; ii) sub-littoral charophyte meadows; iii) benthic cyanobacterial mat communities; and iv) an anoxic hypolimnion. The littoral sub-environments are dominated by Ruppia maritima L. var. maritima between 0-0.8 m water depth. The charophyte meadows composed of Lamprothamium papulosum, develop in deeper sub-littoral waters. The benthic communities are mostly composed of the cyanobacterium Microcoleus chthonoplastes which can develop in nutrient-poor, transparent and oxygenated waters. These communities form 2-3 mm thick mats, up to 1-1.5 m water depth. The deep anoxic waters are the habitat of green phototrophic sulfatereducing bacterium (Chlorobium vibrioforme).
Hydrology
Salada Chiprana is fed by rainfall, groundwater, runoff, and irrigation returns. The ultimate source of the solutes in groundwaters and playa lakes in the central Ebro basin is the dissolution of the carbonate and evaporite rocks in Tertiary formations (12) (13) (14) (15) (16) (17) (18) . The quantitative contributions of the main water inputs for the Salada, particularly groundwater and irrigation returns, are still unknown (7, 8, 13) . Most hydrological surveys do not favor a large groundwater input of high salinity waters and suggest that irrigation returns are large enough to maintain the actual hydrological levels. A study of the isotopic composition of the rain, deep springs, and the Salada Chiprana waters (19) , indicates that there is no deep groundwater recharge from the Iberian Range.
IRRIGATION AND WATER USE
About 4100 ha of the Chiprana and Caspe areas are irrigated from the Civán Canal. This canal, a diversion of the Guadalope river, runs parallel to the Ebro river for about 52 km and ends in the surroundings of the Salada Chiprana (Fig. 2) . The irrigation return flows are diverted to the Regallo Creek, to the Salada de Las Roces, and thence to the Salada Chiprana; the average annual flow is estimated as 2.5 L s -1 , and the total freshwater input during 1993 as 103␣ 826 m 3 (13) . Currently, 43.8 ha are irrigated within the Salada Chiprana watershed. The main crops are barley, alfalfa, sunflowers and olive trees, irrigated by flooding.
Records of irrigation activities exist from 1838, when a committee composed of the 40 landowners with the largest properties was formed. The irrigated surface reached 3912 ha during the 1950s and was reduced by the construction of the Mequinenza Dam in the Ebro river in 1967; about 400 ha of rich farm land was covered by the scheme. The construction of the Civán reservoir in the Guadalope river in 1992 has enabled the irrigation of an additional 200 ha. Olive trees formed the main crop until 1970 when a severe winter killed many trees and led many farmers to replace olives with corn and alfalfa. The higher water needs of these new crops, and the low efficiency of the irrigation techniques have subsequently resulted in an increase in water consumption.
METHODS
A long core (Core I ) was collected using a combination of Mackereth and Livingstone corers in the deepest part of the basin in 1991, and described and analyzed for sediment composition and pollen content by Davis (5). Pollen analyses were de- termined using conventional techniques (20) Two long cores were retrieved with a modified 5-cm diameter Livingstone corer (21) in the deepest part (4.2 m water depth) of the lake basin in April 1997. The two long cores were split, photographed, described, and correlated using lithological and sedimentological markers. The presence of distinctive sediment layers enabled a detailed correlation of the three cores. One of the long cores (175 cm long) was selected to perform all the sedimentological and geochemical analyses (Core II ). Lithology and sediment features were also used to correlate this core with the one described by Davis (5) . Sedimentary facies were identified based on color, lithology, and sedimentologic structures. Organic matter contents were determined by loss-on-ignition analyses at 450°C. Random powder of bulk samples were used to characterize whole sediment mineralogy by a Siemens D-500 diffractometer. Carbon and sulfur analyses were performed with a Perkin-Elmer 260 Analyzer. Bulk sediment samples (0.5 g) were digested with a heated mixture of HCl and HNO 3 acids (3:1 ratio), filtered, and analyzed for their element composition by Atomic Emission Spectrometry with a JY 98 Inductively Coupled Plasma. Another 50-cm-long core (Core III ) was collected in the same site of Core II with the sediment/water interface undisturbed and sampled every half cm for 210 Pb analyses. 
RESULTS
The sediment sequence (Core II) is composed of: i) massive grey muds with abundant isolated gypsum crystals at the base; ii) massive red clays; and iii) finely laminated, organic-rich black sediments at the top (Fig. 3) . Six sedimentary units were defined, based on the sedimentary facies and all the measured compositional and geochemical parameters. Distinctive depositional sub-environments have been identified based on sedimentary features of modern evaporitic settings and diagnostic sedimentary facies (22, 23) . Although the boundaries between units are not located at the same depths, the main units are present in both cores and are easily correlated. Davis (5) distinguished in Core I: (Fig. 4) i) a basal unit (206-192 cm -SC-6) composed of grey lacustrine playa clays that correlates with sedimentological Unit 6 (175-148 cm, Core II); ii) a unit composed of red clays (192-130 cm -SC-5) that correlates with Unit 5 (148-95 cm, Core II); iii) a unit composed of grey/blue lacustrine clays (130-45 -SC-4) that corresponds to sedimentological Unit 4 (95-55 cm, Core II); and iv) a laminated organic mat and lacustrine clays unit (unit 4: 45-0 cm -SC1-3) that corresponds to Units 3 to 1 (55-0 cm, Core II).
Accurate dating of saline lake sequences in the Ebro Basin is hindered by the scarcity of terrestrial organic material in the sediments and the presence of numerous hiatuses (5, 6, 19, (24) (25) (26) (27) (28) . Davis (5) provided a chronology for Salada Chiprana sedi- Unit 6 is composed of massive grey-green muds with abundant isolated gypsum crystals (< 1 mm), and calcite as the only carbonate mineral. Displacive textures and matrix mud inclusions in the crystals suggest that the gypsum crystals were formed as a result of intrasediment growth in a saline mudflat environment. This is confirmed by the palynology which is suggestive of a playa type environment (Fig. 4) . (5) , and our AMS date from the overlying Unit 5 at 145 cm (3410 ± 150 14 C yr BP, Woods Hole Laboratory number: OS 16936), the deposition of Unit 6 took place during the midHolocene (6000-4000 14 C yr BP). The sharp change to the reddish massive fine muds of Unit 5 (148 cm) indicates that an abrupt change in the depositional environment took place prior to 3500 14 C yr BP. This abrupt boundary is located at 130 cm depth in Core I. Sediments of Unit 5 are characterized by higher clay mineral and lower gypsum contents. Higher concentrations in aluminum and iron also reflect the higher clay content. The oxidized, detrital nature of the sediments, together with lack of aquatic pollen and seed types and Chenopodiaceae pollen suggest frequent desiccation stages with accumulation of windblown material in the small surface depressions of a dry playa lake (23) . These features suggest that Salada Chiprana was a dry mudflat with the local watertable below the surface during most of the Late Holocene. The sharp changes in lithology indicate that Unit 5 is bounded by erosive unconformities. The upper boundary at 95 cm depth represents a sedimentary hiatus of unknown age developed during periods when the lake dries out.
The deposition of massive, coarser brown and grey silts with more abundant gypsum crystals and lower clay content (Unit 4B) indicates an increase in the water balance, and the re-establishment of a shallow ephemeral saline lake. Periods of more frequent desiccation are indicated by increases in the clay content, and related elements (Al, Fe). The increases in organic matter and Na contents at the top of Unit 4A suggest deposition in a shallow saline lake with the water-table close to the surface even during desiccation stages. This is confirmed by the pollen results, which show increases in Ruppia and Potamogeton pollen together with high levels of Chenopodiaceae pollen. An AMS 14 C date from this unit provides an age of 420 ± 50 yr BP, which indicates that the watertable rise in Salada Chiprana at the base of Unit 4 occurred around 600 years ago, in the XIV th century. The boundary between SC-5 and SC-4 evidences a marked deforestation as pine woodland gives way to Juniperus and other steppe like plants (e.g. Artemisia). Another abrupt sediment change inaugurates Unit 3 (Fig. 3) .
The upper units 3, 2 and 1 are composed of organic gypsum and aragonite-rich finely laminated sediments. Both, clay mineral and aluminum contents decrease reflecting a lower detrital input. The presence of aragonite indicates waters with higher Mg/ Ca ratios. Strontium preferentially substitutes Ca 2+ in aragonite and, consequently, it is also more abundant in the upper units. The preservation of lamination, the increase in organic matter and Na contents, and the change in the carbonate mineralogy, together with high levels of Ruppia maritima var. maritima seeds, Ruppia pollen and Lamprothamnium papulosum oospores point to deposition in a permanent, deep saline lake (Fig. 4) .
Unit 3B is composed of an alternation of organic-rich grey muds and gypsum laminae; Unit 3A groups organic-rich muds and bacterial mats not very well developed that grade upwards into the same alternation of facies characteristic of Unit 3B. Organic-rich muds and gypsum laminae indicate hypersaline, anoxic conditions and the development of water stratification in Salada Chiprana. During lower lake levels, meromixis was disrupted and oxygenated bottom waters allowed development of bacterial mats in the deepest part of the basin. According to the chronological framework, the sharp increase in water levels represented by the onset of sedimentation of Unit 3 occurred in the XVII th century (315 ± 60 14 C yr BP; Figs 3, 4, and 5). These limnological changes correlate with the onset of an increasing trend in Olea and decrease in Pinus pollen.
Unit 2 is composed of well-developed finely laminated cyano- bacterial mats and some intercalated black, organic-and gypsum-rich laminae (Fig. 3) . Lower sodium content indicates relatively lower salinities. The dominance of well-developed cyanobacterial mats favors an interpretation of stable conditions in the hydrological balance of the lake. According to the current ecological conditions of bacterial mats in Chiprana, we estimate the water depth to be up to 2 m. During short periods of higher lake levels, anoxic bottom conditions developed and thin black, gypsum-and organic matter-rich laminae deposited. Fig. 5 ). The 210 Pb at depth is somewhat variable, so it is difficult to decide where unsupported 210 Pb levels off. Another problem in establishing a detailed chronology arises from the very low 210 Pb activities at the top of the core, so the variability at depth produces even greater dating uncertainty. The unsupported 210 Pb flux of 0.14 pCi cm -2 yr -1 is relatively low compared to north temperate mid-continental regions. However, similar low values occur in another saline lake in the Ebro Basin (Salada Mediana; 28), and are coherent with low regional atmospheric fluxes of 210 Pb as expected in an arid region. Taking all this into consideration, the chronology shown in Figure  5 has been calculated using the constant rate of supply model (29) . For the estimation of the sedimentation rates, the cf:cs (constant flux:constant sedimentation) model is more robust. We consider that given the uncertainties in the data, this conservative approach is more appropriate, because we are not interpreting each inflection in the 210 Pb profile; instead we drive a regression line through the data to obtain an average sedimentation rate. On the other hand, the different sediment laminae present in the core (bacterial mats, gypsum laminae, organic-rich sediments) have different accumulation rates, and the 210 Pb chronology lacks the adequate resolution to detect such fluctuations in sedimentation rate. These results give a mean sedimentation rate of 0.10 g cm -2 yr -1 (e.g. the upper 17 cm represent about 80 years). Assuming a similar average accumulation rate for the upper Units 1 and 2, the spread of cyanobacterial mats in the lake (Unit 2) would have occurred at the beginning of the XIX th century, and the transition to the finely laminated, organic-rich sediments of Unit 1 at the beginning of the XX th century. According to the extrapolated 210 Pb chronology (Fig. 5) , deposition of Unit 2 occurred in the late XVIII th and the XIX th centuries. This period of stable and relatively low lake levels characterized by the dominance of the cyanobacterial mats ended with a period of fluctuating and generally increasing lake levels at the end of the XIX th century conducive to more frequent anoxic bottom conditions (Unit 1B). Presence of indurated gypsum and charophyte-rich laminae indicates periods of concentrated waters and likely lower lake levels; black, organic-rich laminae indicate deposition during deeper lake waters. The upper sediments (Unit 1A) are mostly composed of charophyte and organic-matter-rich, black, laminated muds suggesting higher lake levels since 1950. An encrusted, gypsum-rich interval intercalated at 5-7.5 cm represents higher salinities, and likely lower lake levels. According to the 210 Pb chronology, this period would have occurred during the mid-1960s through mid1970s. Since then, organic-rich laminated muds have deposited in the deepest areas of Salada Chiprana lake.
DISCUSSION
Climate and human-induced changes have been interplaying factors in landscape transformation and degradation over the last millennia in the Central Ebro Basin. Davis (5) provides the most up-to-date account of vegetation and lake-level changes in the area during the Late Holocene. Early deforestation correlates with early Bronze Age settlement about 5000 yr BP. Moderate lake levels during the period 4000-3500 yr BP correlate with higher watertables in Salada Chiprana (Unit 6). An arid episode in the Ebro basin at about 3400 yr BP described by Davis (5) , coincides with the development of a dry mudflat in Chiprana (Unit 5), and the decline of Bronze Age settlements in the central Ebro Basin (30) (31) (32) . Erosion during this and/or other arid periods has resulted in a long sedimentary hiatus, and the Late Holocene sequence is not complete. The decline of the Pinus forest had occurred in the area during this period, prior to historical times (Fig. 4) The next sediments accumulated in Salada Chiprana (Unit 4) were deposited during the XIV th century. This period of increased watertable correlates with changes in both, climate and land use.
The watertable increase in Salada Chiprana at the onset of Unit 4 correlates with large agricultural changes in the area and also the climatic fluctuations at the end of the Medieval Warm Period (33) . The use of the Guadalope river water for irrigation purposes in the Caspe and Chiprana area is likely to have started during the Arab epoch (VIII th -XII th centuries). No archaeological or historical studies have been conducted, although some stonework close to the beginning of the Civán Canal, date from the XII th -XIII th centuries (Civán Committee Manager, pers. comm.). The first historic document dated from 1413 when King Ferdinand of Antequera gave privilege of the use of the Civán channel to the city of Caspe, as a reward for his election as the new king of Aragón in Caspe. During the XV th century a tunnel was planned to eliminate 6 km of the channel, and to reduce the costs of annual cleaning, but was abandoned after structural problems led to collapse of the tunnel roof.
On the other hand, the XIV th -XV th centuries were also a period of climate change in western Europe, after the end of the Mediaeval Warm Period (AD 900-1300; 33). Dendroclimatological reconstructions for the Central Ebro valley (34, 35) show a high climate variability (rainfall and temperature) since the XIII th century, after the relatively low variability of the Medieval Warm Period. During the 1400s-1600s both droughts and floods were more frequent. Climate variability was particularly high during the period 1480-1520 AD when annual precipitation increased and temperature decreased (Fig. 6) . Rainfall was higher during the XVI th century than during the XV th century. Although some irrigation returns could have been diverted to the Salada, those were likely to be small, and we consider that these climatic changes are enough to explain the hydrological changes in the Salada. Increased precipitation and lower evaporation brought by reduced temperatures during the XV th -XVI th centuries could account for the small watertable rise experienced in Laguna Salada during the period of deposition of Unit 4 (Fig.  6 ).
The increase in lake level at the base of Unit 3 occurred during the XVIII th century, a period of reduced rainfall in the central Ebro valley (34) . Although extreme precipitation events occurred during the XVII th and XVIII th centuries, the increase in total annual precipitation was moderate in Iberia (36) . The limnological changes in the Salada Chiprana are more coherent with the history of the agricultural use of the area. Modern agriculture was established in the XV th and XVI th centuries with increasing farm land, massive expansion of olive plantations and widespread introduction of irrigation. The Salada Chiprana pollen record clearly shows this expansion in olive cultivation about 300 yrs ago (Fig. 4) . The decreasing values of pine and scrub components, similar values of the herbaceous elements, and the presence of a peak in charcoal prior to the olive expansion indicate some deforestation of the surrounding areas for olive cultivation. More stable limnological conditions characterized by hypersaline waters and relatively lower lake levels favored the dominance of cyanobacterial mats during deposition of Unit 2 (XIX th century). Increasing agricultural use of the land at the end of the XIX th century could be responsible for the increase in lake levels, and the frequent anoxic bottom conditions that characterize the transition to Unit 1 (Figs 3 and 5) . The abundance of gypsum laminae intercalated with the organic-rich black muds reflects several periods of increased water chemical concentration (and likely lower lake levels) during the early XX th century (base of Unit 1). Several studies (4, 7, 8, 13) have documented large changes in limnological parameters during the last decades. Laguna de Las Roces was likely a saline lake 30 or 40 years ago, according to vegetation surveys (37) . Increasing irrigation in the area produced a drop in water salinity in the Laguna Las Roces and flooding of the surrounding fields. Higher lake levels in Chiprana during the 1950s correlate with the introduction of farm machinery. After a short period (mid-1960s through mid1970s) of higher salinities, the water depth increased again (Fig.  6 ). The change from olive trees to corn and alfalfa crops in the 1970s resulted in an increase in irrigation water consumption from the Civán Canal, and larger return inflows into the Salada Chiprana. The impact of irrigation returns on the hydrology and water quality has also been clearly documented in other areas of the Ebro Basin (38) .
The Aragón Regional Government has been monitoring the Salada Chiprana for the last 2 decades, including measurements of the water quality and the lake level during the period 1993-1996 (7, 8, 13) . During low salinity periods, triggered by increasing irrigation returns, Artemia salina disappeared and the lake was colonized by a brackish fauna. The waters were anoxic below 3 m, and benthic microbial communities were not very well developed. During the summer of 1995, the lake reached a low lake level stage that isolated one of the bays, and a hypersaline brine developed (73-100 g L -1 ). Waters were more transparent, anoxic bottoms reduced, and cyanobacterial mats expanded to deeper areas. These qualitative observations demonstrate that the main lake level fluctuations and lake water compositions are related to the changes in the irrigation return flows.
A recent rise in lake levels has also been documented in other sites in the Ebro basin (5, 19, (26) (27) (28) , but the studies lack the chronological control to solve the precise timing and the possible causes. However, more detailed dendroclimatological reconstructions for precipitation and temperature do not show trends comparable to the Chiprana record (34) . The XX th century is characterized by reduced rainfall, but sedimentological evidence indicates that lake levels during deposition of Unit 1 were generally higher than during Unit 2. Finally, meteorological records for the last decades do not correlate with the increasing lake levels in Chiprana Salada; a humid period with annual rainfall higher than 350 mm (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) ) and an arid period since then punctuated with some humid years (1983, 1986, 1987, 1988) . To summarize, the limnological features of Salada Chiprana during the last decades are mostly controlled by the amount of irrigation returns diverted to the lake. Therefore, the hydrological changes in the Salada Chiprana do not correlate with the reconstructed or measured rainfall because they are obliterated by the direct impact of irrigation returns.
CONCLUSIONS
The saline lakes and steppes in the Central Ebro valley are unique in Europe. Human activities have played a dynamic role in the transformation of these ecosystems, and landscapes have provided natural resources (wood, salt from the lakes, soils, hunting grounds) during the long 7000 year history of human occupation in the region. However, because of the small population, landscape degradation due to human impact has been low until modern historic times. Several vegetation changes in the area (early Neolithic, 4000 yrs BP, early Mediaeval) seem more related to climate variability than to anthropogenic deforestation. In the Central Ebro valley, large environmental changes during the Late Holocene have been aggravated, but not generated, by human action.
During the last millennium, human activities became a more significant force in landscape and ecosystem transformation in the Central Ebro valley than are climate-induced changes. Mod-
